Purpose: This study aimed to quantify the hemolytic responses of elite female football (soccer) players during a typical weekly training session. Methods: Ten elite female football players (7 field players [FPs] and 3 goalkeepers [GKs]) were recruited from the Australian National Women's Premier League and asked to provide a venous blood sample 30 min before and at the immediate conclusion of a typical weekly training session. During this training session, the players' movement patterns were monitored via a 5-Hz global positioning system. The blood samples collected during the training session were analyzed for iron status via serum ferritin (SF) analysis, and the hemolytic response to training, via serum free hemoglobin (Hb) and haptoglobin (Hp) measurement. Results: 50% of the participants screened were found to have a compromised iron stores (SF <35 μg/L). Furthermore, the posttraining serum free Hb levels were significantly elevated (P = .011), and the serum Hp levels were significantly decreased (P = .005), with no significant differences recorded between the FPs and GKs. However, the overall distance covered and the movement speed were significantly greater in the FPs. Conclusions: The increases in free Hb and decreases in Hp levels provide evidence that a typical team-sport training session may result in significant hemolysis. This hemolysis may primarily be a result of running-based movements in FPs and/or the plyometric movements in GKs, such as diving and tackling.
Iron deficiency is common in athletes, with the incidence rates previously reported to be the highest in females and those involved in endurance sports. 1 Recently, however, attention has been given to the prevalence of iron deficiency in team-sport athletes, with Landahl et al 2 reporting that 57% of 28 elite female football players were considered to have an iron deficiency and 29% considered anemic. Such an outcome was also supported by Milic et al, 3 who showed that 55.1% of the female team-sport athletes screened in their investigation had serum ferritin (SF) levels less than the commonly accepted cutoff value of 35 μg/L, with 23% of this population showing SF levels of <22 μg/L. During their investigation, Milic et al screened some 359 athletes across a range of sporting disciplines (including sprint-type, endurance, and team-sport athletes), with the highest incidence of iron deficiency observed in the team-sport cohort. Although such research has quantified the degree of incidence, to date the potential mechanisms that may lead to this high prevalence of iron deficiency in female team-sport athletes are yet to be established.
Currently, there are a number of mechanisms proposed to explain the incidence of iron deficiency in athletes. 4 Hemolysis is one such mechanism and has previously been attributed as a major contributing factor to the high incidence of iron deficiency in endurance athletes. [5] [6] [7] As a result, hemolysis may also be an important contributor to the occurrence of iron deficiency in female team-sport players. Hemolysis is characterized by a rupturing of the red blood cell (RBC), resulting in the release of its hemoglobin (Hb) and associated iron into the surrounding plasma. Left unchallenged, such a process may lead to oxidative tissue damage and compromise the RBCs' ability to transport and supply oxygen. 8 As a result, the glycoprotein haptoglobin (Hp) uses its strong Hb-binding properties to capture the free Hb, which is then engulfed by macrophages to clear and salvage the lost content of the hemolyzed RBC from the circulation. 9, 10 Consequently, the typical postexercise blood profile after a hemolytic episode shows an increase in free Hb and a decrease in serum Hp levels. [5] [6] [7] Such exercise-induced hemolytic blood-profile responses are commonly observed postexercise in athletes, especially after weight-bearing activities such as running. [5] [6] [7] Previously, this has been demonstrated by a positive correlation between the degree of hemolysis incurred and the biomechanical stress imparted on the foot during the heel-strike phase of running. 11 This weight-bearing theory was also supported by Telford et al, 7 who noted that plasma free Hb levels were significantly more increased (up to 4-fold from baseline) and serum Hp levels were significantly more decreased after running than after an intensity-matched bout of weight-supported cycling. In addition to the magnitude of impact, Peeling et al 12 showed a cumulative influence of consecutive running sessions on the amount of hemolysis incurred, leading to the conclusion that frequent cumulative hemolytic episodes induced by running-based activity may eventually begin to negatively influence iron stores. 7, 12 Subsequently, such a conclusion might also be applied to team-sport athletes; to date, however, the hemolytic responses to team-sport activity remain largely unknown. As a result, it was the aim of this investigation to quantify the hemolytic response that occurs during a football (soccer) -specific training session in elite female football players.
Methods and Procedures

Subjects
Ten elite female football players (7 field players [FPs] and 3 goalkeepers [GKs]) were recruited from the Australian National Women's Premier League to participate in this investigation (age 22.0 ± 4.6 y, height 166.6 ± 5.7 cm, mass 61.9 ± 6.9 kg). At the time of recruitment, participants were competing in the 2010-11 Westfield Women's A League. Before commencement of the study, all players were briefed on the purpose, requirements, and risks involved with their participation in this study, and written informed consent was obtained. Ethical approval for this investigation was granted by the Human Research Ethics Committee of the University of Western Australia.
Experimental Overview
During this investigation, the recruited athletes were assessed for their current iron status and hemolytic responses to a routine weekly training session. The training session that was selected for this investigation was the same midweek session for each player that occurred during the middle of the competitive season. The training session included a warm-up period of light jogging and skill work, a conditioning and tactical period of possession and 3-versus-2 scenarios, a period dedicated to crosses and finishes, and finally, the session was concluded with a light cooldown. This training session was run entirely by the team's coach without any specific intervention from the investigators relating to training load, hydration, nutritional practices, or pretraining activity levels. Hence, the session was representative of a real-world setting. On the day of testing, the athletes were required to provide a pretraining venous blood sample 30 minutes before the commencement of their training session. Subsequently, each player was fitted with a global positioning system (GPS) unit to allow quantification of the movement volume and intensity they incurred (field players = FP-TRAIN, goalkeepers = GK-TRAIN). At the completion of training, all players were required to provide a second venous blood sample to assess any blood-profile changes.
In addition to this training session when blood markers were measured, the FPs of the squad (ie, excluding the GKs) were also required to wear a GPS unit during 3 competitive W-league matches (FP-MATCH). As a result, there were 22 individual FP-MATCH data files successfully captured over the course of the W-league season, which were used to compare the quantified training loads with those occurring during a typical training session.
Experimental Procedures
Blood-Sample Collection, Preparation, and Analysis
Venous blood was collected via venipuncture of an antecubital vein in the forearm with the athlete lying down for 5 minutes before collection to control for postural shifts in plasma volume. The samples were collected using a 21-gauge needle and a 10-mL syringe and coupled with minimal stasis and gentle slow movement of the plunger to prevent unnecessary hemolysis. Subsequently, the sample was gently deposited into an 8.5-mL SST II gelcollection tube (BD Vacutainer) with the vacuum seals removed to minimize sample hemolysis, as previously established in other investigations exploring a hemolytic effect postexercise. 6, 7 The blood sample was then allowed to clot for 60 minutes at room temperature before subsequently being centrifuged at 10°C and 3000 rpm for 10 minutes. The serum supernatant was divided into 1-mL aliquots and stored at -80°C for a period of ~8 weeks, until blood analysis could be organized at the Royal Perth Hospital pathology laboratory. Blood samples were analyzed for circulating levels of serum free Hb and serum Hp as markers of hemolysis and for SF as a marker of current iron status.
Blood-Assay Analysis
Serum free Hb was determined using a scanning spectrophotometer between wavelengths of 650 and 480 nM. The coefficients of variation (CVs) for free Hb determination at 161.0 and 82.0 mg/L were 2.2% and 3.4%, respectively. Serum Hp was determined by fixed-time immunonephelometry on a BNII nephelometer (Siemens Healthcare Diagnostics Inc, Newark, DE) using an antiserum specific to Hp, with the first reading at 7.5 s and last reading at 360 s. The CVs for serum Hp determination of 0.65 g/L and 2.58 g/L were 8.67% and 9.93%, respectively. SF levels were determined using a latex-enhanced immunoturbidometric assay with the absorbance measured at 552 nM. The CVs for SF determination at 15.0 and 279.0 μg/L were 16.7% and 1.8%, respectively.
GPS Units
All players wore a miniMax GPS unit (Catapult Innovations Pty Ltd, Scoresby, VIC) with a 5-Hz sampling frequency. The validity and reliability of these units have been previously established. 13 Players were fitted with the GPS unit via a Lycra sleeveless undergarment equipped with a specialized pocket to house the device above the midpoint of the shoulder blades. The units were activated 30 minutes before the commencement of the match or training session. Subsequently, the stored data were transferred to an investigator's laptop and analyzed using commercially available software (Logan Plus, Catapult Innovations).
The output data of the GPS unit were conveyed as total distance covered (m), total time (min), and mean speed in meters per minute. The GPS output was also categorized into 2 broad speed zones, since it has previously been suggested that the degree of error associated with GPS units may reduce the ability to report the distance covered in narrow speed zones. 13 The 2 speed zones were established as <75% maximum speed and >75% maximum speed, which were ascertained from the group's maximal 20-m running times (using electronic-light timing gates, Fusion Sports, Australia) recorded during routine team testing sessions throughout the season. The 2 broad speed zones were low speed (<16 km/h) and high speed (>16 km/h).
Statistical Analysis
All results are expressed as mean and standard deviation (SD) or standard error of measurement (SEM) for clarity of figures. The blood analysis employed paired-samples t tests to distinguish any pretraining to posttraining session differences in the levels of free Hb and serum Hp. An independent-samples t test was used to determine any differences in blood responses between the FPs and GKs during this training session. In addition, an independentsamples t test was used to calculate any differences between the GPS output of the FP-TRAIN and the GK-TRAIN and the GPS output of the FP-TRIAN and the FP-MATCH. All statistical analysis was calculated using the software package SPSS 19.0 for Windows. The alpha level was set at P < .05.
Results
Blood Markers
The baseline SF level of this group was 36.4 ± 18.5 μg/L. Fifty percent of this cohort had an SF level <35 μg/L. The pretraining and posttraining concentrations of serum free Hb and Hp are displayed in Figure 1 . The serum free Hb was significantly increased (P = .011), and the serum Hp levels were significantly decreased (P = .005) at the conclusion of the training session. There were no significant differences (P > .05) in the levels of any blood markers between the FPs and GKs at the pretraining or posttraining time points of this investigation. 
GPS Data
The GPS data collected during the training session and the match days are presented in Table 1 . During the training session, it was evident that the FPs covered significantly (P < .05) more distance and at a greater mean speed than the GKs. When considered in the 2 broad speed zones, it was evident that the distance, time, and mean speed in the low-speed zone and the distance and time recorded in the high-speed zone were significantly greater (P < .05) in the FPs. However, the mean speed in the high-speed zone was similar between the 2 playing positions.
When the FP-TRAIN was compared with the FP-MATCH, it was evident that the overall distance covered, the time duration, and the mean movement speed were significantly greater (P < .05) in a match than in a regular training session. When considered by the 2 broad speed zones, it was evident that the distance, time, and mean speed in the low-speed zone and the distance and time of the high-speed zone were significantly greater (P < .05) in the FP-MATCH. However, the mean movement speed in the high-speed zone was similar between the match and the training session.
Discussion
With recent attention focusing on the high incidence of iron deficiency in female team-sport athletes, 2,3 the current investigation provides support for such a notion, with 50% of our sample presenting as iron deficient. Such an outcome led us to consider further the previously suggested rationale for the high incidence of iron deficiency in athletes, with a focus here on the hemolytic response. With this in mind, it was evident that at the conclusion of a typical football (soccer) -specific training session, female athletes show a blood profile that is indicative of a significant hemolytic event, involving a significant increase in free Hb and a concurrent decrease in serum Hp levels.
Previously, it has been established that continuous aerobic exercise can result in a significant hemolytic response in endurance-based athletes. [5] [6] [7] In fact, it was shown that that both continuous low-intensity running and high-intensity interval-based running (each equating to 10 km in distance) resulted in a significant degree of hemolysis and that the hemolytic response was significantly greater after the interval-based session, with the relative change from baseline in free Hb levels being significantly higher (intervals run = 17.3 mg/L, continuous run = 7.9 mg/L). 6 In comparison, the current investigation showed that the relative change in free Hb (25.2 mg/L) was larger than that observed in both of the endurance-running conditions explored by Peeling et al. 6 Given this large increase, one should also consider that the players in this study only covered a total of ~4 km throughout the training session. This equates to some 6 km less than either of the endurance-based running trials. In their explanation of the hemolytic differences based on exercise intensity, Peeling et al 6 suggested that the combination of an increased ground-reaction force and an increase in step cadence when running at higher intensities might explain such differences. This proposal supports the notion of Miller et al, 5 who suggested that there is a force-dependent relationship between the magnitude of heel-strike impact and the amount of hemolysis incurred. With both of these conclusions considered, it might be that the explosive nature of sprint and repeat sprint activities in a team game situation may generate large ground-reaction force and high step frequencies, which ultimately lead to a higher degree of hemolysis, independent of the amount of distance the athlete covers. Furthermore, there may be consideration for a gender difference here, given that the athletes in all previous investigations were male. Such a possibility is, however, consideration for future research.
Although the sample size of the current group is limited, it was interesting to note that the amount of hemolysis incurred by the GKs was no different from that of the FPs, despite the GKs covering only ~40% of the FPs' total distance. In addition, it was also noted that the GKs recorded very little distance in the high-speed running zone. We established earlier in the article that the large hemolytic response in team-sport athletes may be a result of the high-impact nature of the running efforts performed by these athletes, and as such, it would appear somewhat surprising that GKs would incur a similar amount of RBC destruction, given the outcomes of their measured running load. However, previous research has shown that exercise-induced hemolysis also occurs as a result of a range of other non-weight-bearing exercise modalities such as cycling, swimming, rowing, and resistance-type training, where foot impact does not necessarily occur. 7, 14, 15 Miller et al 5 proposed that this non-weight-bearing hemolysis was the contractile activity of the major muscle groups that may act to accelerate the destruction of older RBCs via a compression of the surrounding capillary networks. Such contractile activity would be required from a GK during intense movement tasks that require jumping, tackling, kicking, and diving, all of which are movement patterns that were not quantifiable via the use of the GPS in the current investigation. To this end, it is likely that both FPs and GKs are susceptible to a similar degree of hemolysis throughout a given training session, albeit through a range of different movement tasks. As a result, future research should further consider these unique movement patterns of the GK position with a larger sample size, via the use of accelerometers in combination with video-based analysis, to better quantify the types of activity that may also result in a significant hemolytic response. Although it is unlikely that the acute nature of this hemolytic episode would significantly alter an athlete's iron stores, it has previously been suggested that daily or twice-daily hemolytic episodes during periods of hard training may have a cumulative effect that could potentially put an athlete at significant risk of developing an iron deficiency. 7 The cumulative nature of this hemolysis was previously confirmed by a significantly greater amount of hemolysis reported when a standardized training session was preceded by a second daily session 12 hours prior. 12 Those authors suggested that a chronic state of anemia may develop from hemolysis as a result of the macrophage activity that occurs to clean up the senescent RBCs, in combination with the hepcidin response that was also seen to increase. It was thought that the hepcidin influence on the degradation of the ferroportin iron exporters that are housed on the macrophage cell surface results in a decreased ability to recycle the scavenged iron, which over time (and with repeated exposures) may result in an iron deficit. Such a theory of a cumulative effect over time might also be applied to team-sport athletes. As can be seen from the GPS analysis, the amount of distance covered and the intensity at which this occurs during competitive match play (FP-MATCH) are significantly greater than that recorded during training (FP-TRAIN). As such, it would likely be expected that the amount of hemolysis resulting from a competitive match would be greater than that recorded from a standard training session, so, when considering the load of these training sessions in combination with the more-demanding match-like situations, the cumulative effects of this exercise-induced hemolysis may be a possible contributor to the high incidence of iron deficiency noted in this population. However, research establishing the more chronic influences of these repeated hemolytic exposures in this population is required to substantiate such possibilities.
Practical Applications
To avoid any cumulative effects of hemolysis, coaches and support staff associated with female team-sport players may need to consider the appropriate planning of the weekly training program, to avoid scheduling consecutive high-intensity training sessions or such sessions that are performed too close to competitive matches. Furthermore, regular blood screening (ie, every 12 wk) should be considered in consultation with a sports physician to monitor the iron status of these athletes, facilitating appropriate intervention as early as possible should an athlete's iron status become compromised.
Conclusion
In conclusion, this study provides evidence to suggest that a typical team-sport training session results in a significant amount of hemolysis in elite female footballers who play in both field and goalkeeping positions. Future research should attempt to quantify the movement patterns that lead to such responses in GKs, in addition to clarifying the influence of such acute responses on longer-term iron status.
